introduction Third-generation aromatase inhibitors (AIs) have become the standard of care as first-line endocrine treatment of hormone receptor-positive post-menopausal patients in all settings of the disease [1] . Despite the efficacy of these compounds, response rates for first-line metastatic patients have been described as up to 40%, with all initial responders eventually developing resistance over time and there is no proven survival advantage over tamoxifen in the metastatic setting. Moreover, recurrences occur in a sizeable minority of patients treated with adjuvant AIs [2, 3] .
Much effort has been expended in trying to elucidate the mechanisms involved in endocrine resistance [4] [5] [6] [7] [8] [9] [10] . The discovery of predictive biomarkers has been primarily based on correlative analysis between the molecular characteristics of the primary tumours and time to recurrence, in patients treated with adjuvant [5, 6] or neoadjuvant therapy [7] [8] [9] [10] .
Biomarker profiles of breast cancers may change following adjuvant treatment, changes in estrogen receptor (ER) and human epidermal growth factor receptor 2 (HER2) status having been documented in patients treated with tamoxifen and/or chemotherapy [11, 12] . The pattern of changes of key signalling pathways in patients treated with AIs has yet to be characterised, partly due to the limited availability of samples at relapse.
Our aim was to investigate the changes in the expression of biomarkers in patients treated with AIs using immunohistochemical analysis with validated antibodies against ER, progesterone receptor (PgR), HER2, Ki67, insulin-like growth factor type-1 receptor (IGF1R), insulin receptor substrate-1 (IRS-1), phosphatase and tensin homolog (PTEN) and stathmin.
patients and methods patients
Patients who had relapsed or progressed while on an AI either in the advanced metastatic or locally advanced setting for the treatment of ER and/or PgR-positive breast cancer were identified from a prospectively maintained database at The Royal Marsden Hospital from 1 January 2005 until 31 January 2009. Cases were selected if archival formalin-fixed paraffin embedded tissue was available from both before, either a core-cut biopsy at diagnosis or the surgical excision of primary breast cancer, and from the recurrent lesion after the treatment with the AI.
laboratory analysis
Immunohistochemical analysis is described in supplementary information, available at Annals of Oncology online.
statistical analysis
Analyses were carried out using the GraphPad Prism software, Microsoft Excel and Stata version 11.2 for Windows. The Wilcoxon matched-pairs test was used to assess differences between paired samples, and differences between unpaired groups were assessed by the Mann-Whitney test. Spearman rank was used to determine correlations between variables. Significance was taken as P ≤ 0.05. With 55 paired samples, a difference of 0.5 standard deviation (SD) can be detected with 95% power and 5% twosided significance level, and conventionally a standardised difference of 0.5 SD is described as a 'medium' effect size. With 55 patients, a correlation of 0.4 SD or more is reliably detectable. Only relatively large differences, e.g., 1 SD, are detectable between unpaired groups. results patient characteristics and treatment administered Fifty-five paired samples were identified. Patients and treatment characteristics are summarised in Table 1 .
The median time from diagnosis to the start of AI treatment was 7 (interquartile range, IQR 2-13) years. A total of 53% (n = 29) of patients received AI for metastatic disease. In the remainder, the AI was administered after removal of locoregional disease following locoregional relapse [removal of local regional disease (ROLD); 31%, n = 17] or as systemic treatment of locoregional relapse (locally advanced breast cancer, LABC; 16%, n = 9). The pre-treatment sample for biomarker analysis was taken at the time of diagnosis or surgical excision before any medical treatment. Before obtaining the recurrence sample, 78% had already received tamoxifen treatment and 9% an AI, either in the adjuvant or in the metastatic setting. Overall, 78% had received previous endocrine treatment. In the 29 metastatic cases, the median time to treatment failure on AI was 11 (IQR 6-27) months, and in the remaining patients, it was 14.5 (IQR 5-26) months, P = 0.65.
biomarker results
The biomarker results are summarised in Table 2 and correlations are presented in Table 3 . Although 4 (7%) patients had ER-negative disease at progression on AI (Figure 1 ), overall there was no significant difference in ER H-score (P = 0.51). PgR score decreased significantly; 40 (73% cases) were PgR-positive pre-treatment and 19 (35%) PgR-positive at progression. In 6 (11%) cases, PgR showed increased expression (≥2-fold), including 2 cases who were PgR negative pre-treatment, becoming positive at progression with an AI. Ki67 levels were higher at progression (P = 0.001) and inversely associated with ER levels at progression (P ≤ 0.05). Fifty-four patients had paired HER2 values. In 37 cases, values were either immunohistochemical (IHC) 0 or 1+ in both samples, and in 8 cases, values were 2+ or 3+ at presentation and remained so at progression. In 3 cases, 3+ status was acquired by the time of progression and in 1 case, there was a change in the primary tumour to HER2 negative at progression. FISH was carried out in those cases that were IHC 2+, being negative in all cases except in one pre-AI, that was concordant with post-AI. For those cases with increases from 0/1+ to 2+, FISH tests showed no amplification of HER2.
IGF1R significantly decreased after treatment with a mean score of 2.1 before and 1.6 at progression (P < 0.001). There was a trend in pre-AI samples for IGF1R to correlate with ER levels (Rs: 0.28; P = 0.06), while at progression this correlation became stronger (Rs: 0.52; P < 0.001). Moreover, changes in ER were significantly positively correlated with that in IGF1R (Rs: 0.38; P = 0.005). The correlation of ER with levels of IRS-1 did not differ between pre-treatment (Rs: 0.48; P < 0.001) and recurrent lesions (Rs: 0.52; P < 0.001).
No significant changes were observed for stathmin levels (P = 0.29), but a positive correlation between stathmin and Ki67 pre-and post-treatment was observed (Rs: 0.38, P = 0.002 and Rs: 0.41, P < 0.001, respectively). PTEN was analysable in 39 paired samples, and no significant changes were observed after progression.
conclusions
The response rates for AIs as the first-line treatment of advanced ER-positive breast carcinoma in post-menopausal patients vary from 21% to 46% [13] [14] [15] [16] , and most of the patients who experience an initial response will develop resistance over time. The recurrent phenotype is likely to be the predominant determinant of responsiveness, but there is little published evidence on predictive biomarkers. An earlier study from our group revealed that higher PgR and Ki67 levels were significantly associated with increased and decreased time to treatment failure, respectively [17] .
Levels of ER did not show a significant change overall in the current study, but there was a 43% fall and in four cases, a conversion from ER-positive to ER-negative phenotype was observed. Loss of or low ER is likely to explain the resistance to AI. In the remainder, alternative explanations must be considered as discussed below. A number of ESR1 mutations have been described; the impact of these on resistance could usefully be evaluated in this series. Of note, the increased expression of ER in some patients is consistent with the data on long-term estrogen deprived cells such that hypersensitivity to estrogen may lead to resistance to AIs [5] .
As an estrogen-dependent protein, PgR [18] may help in assessing whether signalling through ER persists and lower levels of PgR expression were seen at progression on AI compared with presentation samples. In the IMPACT and P024 (letrozole versus tamoxifen) neoadjuvant trials [7, 19] , decreases in PgR levels were observed in most of the AI-treated patients. Estrogenic signalling may therefore not be activated in some patients, but the marked increases in PgR levels in a small number of cases are consistent with hypersensitivity to estrogens.
The higher Ki67 levels at progression are consistent not only with disease progression, but also with the development of a more aggressive phenotype compared with the disease at presentation.
Preclinical and clinical studies have suggested that the IGF-1 pathway may be involved in resistance. Receptor binding of IGF-1 results in the recruitment of proteins such as the IRS-1 family members, triggering the PI3K/AKT and MAPK [20, 21] pathways. IGF1R has been found to be overexpressed (up to 14-fold) in ER-positive breast cancer cells compared with levels in normal epithelial cells [22] , and high cytoplasmic IRS-1 has been correlated with shorter disease-free survival in patients with ER-positive breast tumours [23, 24] . In our study, both IGF1R and IRS1 levels were significantly correlated with the levels of ER expression pre-and post-AI especially in ERpositive cases. Changes in IGF1R and IRS-1 were also correlated with those in ER expression. However, no correlation was observed between IGF1R and IRS-1, which might be related to the fact that IRS-1 is downstream of other growth factor receptors. There was no support from our observations for IGF1R being activated as a resistance mechanism to AIs even among those patients who remained ER positive. Loss of PTEN expression was documented in only two patients, but in these patients, it is plausible that PTEN loss of function may have constituted a resistance mechanism. Stathmin expression has been reported to act as an integrative marker for the signalling of the PI3-kinase/PTEN pathway [25] . No significant changes were seen; however, the correlation seen between stathmin and Ki67 may reflect a role for stathmin in proliferation due to its activity on microtubules, a function that may disturb its acting as a good marker for the activity of PI3-kinase. A recent study of the mammalian target of rapamycin (mTOR) inhibitor, everolimus, strongly supported the involvement of the PI3K/AKT/mTOR pathway in the mechanism of resistance [26] . A study of the role of PI3-kinase mutational status in acquired resistance might be worthwhile.
HER2 status was largely stable in the current study, but in three cases IHC3+ status, which is regarded as unequivocally positive, was acquired. Discordance of steroid receptor and HER2 status between primary tumours and metastatic lesions is increasingly recognised. For example, in a prospective study of biopsies of suspected metastasis in 121 women diagnosed with breast cancer, discordance in ER, PgR and HER2 between the primary and the metastasis was 16%, 40% and 10%, respectively. Biopsy led to a reported change of management in 14% of women (95% confidence interval 8.4%-21.5%) [12] .
Activation of growth factor pathways is reflected by the increased expression of phosphorylated substrates. We did not perform IHC analyses of phosphorylated markers in this study because of the earlier observation by our group that extreme loss of phospho-staining can occur during routine fixation of resection specimens [27] .
Scepticism has been expressed at the degree to which variation between paired observations in primary disease and metastases reflects biological tumour differences as opposed to sampling differences from internally heterogeneous tumours and/or methodological variability [28] . The latter is unlikely since all tissues were examined in the same laboratory with paired samples in the same batch. Similarly, the loss of PgR expression is unlikely to be due to heterogeneity given its statistical significance. It is important to note, given that this study, like others, compared a lesion at presentation with a recurrent lesion in a different site, phenotypic differences between the tumours could have existed before starting the AI. Many patients had received medical treatment before the AI, mostly tamoxifen. Given that the molecular phenotype of the recurrent lesion was measured while still on the AI that phenotype is relevant to AI resistance and to subsequent treatment choices, but the changes from baseline may not have been induced by the AI itself in all cases. The molecular changes may have occurred as a result of phenotypic drift, which may have been greater with longer time between baseline and resistance biopsies, as well as being influenced by the other intervening treatments. The possibility of the phenotype varying between recurrent lesions in the same patients was not addressed here. 
